Abstract
Introduction
Sandwich composites are widely employed in modern mechanical design, not only in the field of aeronautical constructions, where they have initially been developed, but also in the fields of land transports and marine constructions. Because of their main features, such as the high flexural resistance and stiffness [1] , the high impact strength and the high corrosion resistance and the low thermal and acoustics conductivity [2] , sandwich structures are in fact preferred over conventional materials in various industrial applications. Although large numbers of research projects have been performed by various authors, the design of structural elements made from sandwich composites is often a difficult task. This is mainly because a reliable strength prediction needs the preliminary knowledge of the mechanical behaviour of skins and core, as well as of the peculiar damage mechanisms [3] and [4] and failure criteria that can be used under a complex loading. From phenomenological point of view, fatigue damage can be evaluated, in the global sense by stiffness, residual strength or other mechanical properties. Fatigue modulus concept for fatigue life prediction of composite materials is proposed by [6] . It is suggested that the changes in stiffness might be an appropriate measure of fatigue damage. Many investigators have examined the effectiveness of the stiffness degradation in composite materials as a measure of accumulated damage [5] . As residual strength, stiffness and life are affected by fatigue damage, only residual stiffness can be monitored non-destructively [7] . Residual strength decreases slowly with the increase of the number of cycles until a stage close to the end of life of the specimen, where it begins to change rapidly until complete destruction [8] . On the contrary, stiffness exhibits greater changes during fatigue specifically at the early stage of fatigue life of specimen [9] . Much important work on residual stiffness has been done by [8] . The residual stiffness as a parameter to describe the degradation behaviour and to predict the fatigue life is selected by [10] . There is an interesting feature in stiffness degradation approach that only limited amount of data is needed for obtaining reasonable results [11] reports that the reduction of bending strength of foam cored sandwich specimen is caused by the stiffness reduction of foam due to ageing of polyurethane foam during fatigue cycles. [12] investigate the static and flexural fatigue characteristics of foam core polymer composite sandwich beams. Failure modes relate to both core shear and skin failure. The results of the stiffness degradation correlated well with the mechanical properties of the sandwich panels. The aim of this study is to develop analytical models describing the flexural behaviour of sandwich composite panels under cyclic fatigue. The stiffness degradation approach allows the assessment of the fatigue damage. Two non-linear cumulative damage models derived from the chosen stiffness degradation equations are examined assuming linear Miner's damage summation. Predicted results are compared to the available experimental data.
Fatigue Modelling

General
Considering the complexity of failure mechanisms in sandwich composites under fatigue, the necessity for developing more simple models with fewer limitations is quite obvious. The residual stiffness is a parameter that can be monitored nondestructively, and therefore can be related to residual strength and fatigue life of the specimen. However, a comprehensive data base would be required in the fatigue analysis of sandwich composites, based on stiffness reduction, unless mathematical relationships can be developed to relate the residual stiffness to other readily material properties. If such a relationship could be established, extrapolation of data at various stress levels would be derived, thus the amount of test data needed to characterize the materials behaviour [13] . The modelling of the fatigue behaviour of composite material during three point bending tests has been proposed by different studies [14] - [15] . These are based on the fatigue modulus reduction of laminate composites and of the sandwich composites. The fatigue modulus which is generally referred as stiffness can be defined as being the ratio between the applied stress and the strain at a given number of cycles [14] . This modulus is function of loading cycles N and applied stress level r. The rate of decrease of fatigue modulus can be related to an empirical power function of number of fatigue cycles [16] . The theoretical decrease in shear modulus from an initial static value can be expressed as:
Where A and C are the material constants. Clark et al., [16] modified this equation using shear modulus concept and suggested that exponential function can be effectively used instead of power function. They developed analytical expression which can be written as:
Where if N is the number of cycles to initiate damage.
The equation used by Clark et al. [16] to predict the number of cycles at failure for different applied stress level, r was given by: 
Cumulative Damage Equations
Different forms of the cumulative damage parameter, D, can be chosen depending on the degree of linearity of the degradation response. Three models are investigated. The first model is linear, based on "number of cycles", the second based on changes of "fatigue modulus", whilst the third proposed by us is based on "number of cycles". Damage is assumed to initiate when fatigue damage is first
one. For the purpose of all the cumulative damage models investigated, it is assumed that:
Model I: the most basic linear cumulative damage model is that proposed by [17] , which was originally derived from energy consideration. It states that the amount of damage at a given number of cycles is the ratio of the current cycle number to the number of cycles causing fatigue failure. In this case, the damage model occurs after the initiation of damage and can be expressed as:
Model II: the damage function is defined in terms of the fatigue modulus as:
By manipulation of Eq. (2), equation (6) In this work, the model given by (Eq.6) is used to check its validity in sandwich honeycomb core for both direction of cells (L and W). Model III: the damage model takes into account the initiation of damage and the damage is expressed as [18] : 
Materials specimen
The honeycomb sandwich panels used in this study ( Figure 1 Table 1 . The mechanical properties of the sandwich panels are depicted in Tables 2.
Experimental Method
Both static and fatigue tests were carried out through a fourpoint bending testing fixture device schematically shown in Figure 2 . Static and fatigue tests were carried out in a servohydraulic Instron model 8800 testing machine with 10 kN capacity of loading cell (Figure 3) . The INSTRON electronic unit performs the test control and the data acquisition. Static tests were carried out on all configurations samples, using a loading rate of 2 mm/min, according to the military standards: MIL-STD-401 DIN53291. Cyclic flexural tests were performed on a minimum of three replicate sandwich beams of the same dimension as in static tests. The tests were achieved under load control at a load ratio R=0.1 using a sinusoidal wave form. The beams were cycled at frequencies of 2 Hz. Fatigue data were generated at load levels of 100%, 90%, 80%, 70% and 60% of the static ultimate load. The fatigue life of the specimens is characterized as the number of cycles to ultimate failure. The normalised applied load is plotted against the number of cycles on log-log scale. 
Results and Discussion
Static Tests Results
Typical maximum load-deflection curves are shown in Figure 4 . The analysis of the experiment results of the static four point bending tests permit to make the following statements ( Figure 5 and Figure 6 ). The sandwich composite stiffness increases when the core density and the maximum load increases with increasing cores densities; the maximum loads and stiffness are higher in the L cells direction than in the W cells direction, and the maximum bending defection is higher in L cells orientation than in the W for all core densities. It was observed that the sandwich structures with high core densities present a maximum ultimate load and exhibit ductile behavior as compared to sandwich structures with low core densities.
Fatigue Test Results
To investigate the effect of cell direction on fatigue life, flexural tests were performed on both cell directions (L and W) of aluminium-Nomex sandwich panel with 48 kg/m 3 core density. Results depicted in Figure 7 show that the fatigue life limit is the same and equals 60% of the applied load for both directions. Moreover, the material shows more resistance in L than in W cells orientation. Indeed, for an applied load of 100% of ultimate static load the number of cycles for failure is about 10 2 cycles for W direction, while it is greater and close to 10 4 cycles for L direction. The fatigue failure mode for the panel sandwich was core shear cracking in both directions (W and L) and the damage during fatigue is visible, as in Figure 8 . The localisation of damage in all cases was in the region close to the support where the shear stress is a maximum and constant between the support and the adjacent load application point. The failure propagation is always in the diagonal direction in the case of the L configuration and horizontal for the W.
Application of Models
In practice, it has been observed that the initiation of fatigue damage occurs where the rate of deflection versus number of cycles response just starts to increase near final failure of the beam for both directions L and W. The Figure 9 presents the displacement (deflection) evolution according to the number of cycles during fatigue cyclic test in load control at different loading levels r. Cycle to failure Nf 
Degradation Shear Fatigue Modulus
To compare the theoretical stiffness degradation models (L and W) with experimental results, it is important to reproduce the overall deflection data into a change in stiffness. The fatigue results of a sandwich, where core shear is the observed failure mode, can be treated solely by the change in core shear modulus with number of cycles [16] . These curves, (Figure 10) ) show, first that the core shear modulus remain unchanged and equal to the static modulus until the initiation of fatigue damage (zone 1) for both direction (L and W). Second, it rapidly decreases in a short number of cycles until failure (zone 2). At lower load levels, the rate of decrease of the fatigue modulus increases as function of number of cycles. To determine the experimental parameters A and C of the stiffness degradation models (Eq. 2) for both direction (L and W), experimental modulus degradation curves of the secondary region (zone 2), are plotted as a modulus decrease versus number of cycles. Because the fatigue damage occurs, in the secondary region, after the initiation of fatigue damage, the number of cycles, for the purpose of fitting the parameters, is given by (N-Nif). The exponential equation used to determine the parameters is:
An example of this method is shown in Figure 11 for W direction.
5.2
Cumulative Damage Curves The three different cumulative damage curves obtained from Eqs. (5), (6) , and (8) for direction W for two load levels are represented in Figure 12 . It is observed that the first model (Miner's rule) is linear as expected. While, the models based on fatigue modulus for direction W are non-linear and exhibit the same behaviour with damage initiation between 0 to 0.3 of normalized life. Figure. 11. Exponential fit to fatigue modulus degradation Curve for W direction Figure 12 . Cumulative damage models for W.
Conclusion
Static and Fatigue tests in four points bending were performed on Nomex (fiber aramid) core of sandwich structure for both directions (W and L). The effect of densities in the case of static study and the effect of cell orientation (L and W) of honeycomb core sandwich panels have been investigated. For static study, it was observed that the sandwich structures with high core densities present a maximum ultimate load and exhibit ductile behaviour as compared to sandwich structures with low densities. For fatigue study, the fatigue life limit is the same and equals 60% of the applied load for both directions; the material shows more resistance and larger life in direction L than W. The application of the exponential model gave a good result when the cells are in W direction.
